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Following the outbreak of H5N1 “bird flu” in Hong Kong in 1997, the isolation of H9N2 subtype viruses from patients in
southern China and Hong Kong SAR once again raised the spectre of a possible influenza pandemic. H9N2 viruses have
recently been responsible for disease in poultry in various parts of the world and preliminary studies of the H9 haemag-
glutinin (HA) genes of viruses isolated during 1998 and 1999 in Germany, Iran, Pakistan, and Saudi Arabia showed a close
relationship to the HA genes of the viruses that infected two children in Hong Kong SAR. Analysis of the complete genome
of a Pakistan isolate, A/chicken/Pakistan/2/99, showed that it is closely related in all eight genes (97–99% homology) to the
human H9N2 isolates and furthermore that the six genes encoding internal components of the virus are similar to the
corresponding genes of the H5N1 viruses that caused 6 (out of 18) fatal cases of human infection. Thus H9N2 viruses similar
to those that caused human infections in Hong Kong are circulating more widely in other parts of the world. Whether or not
these H9N2 viruses also have features that facilitate avian-to-human transmission is not known. Since avian H9N2 viruses
are currently perceived to represent a significant threat to human health it is important to determine whether or not viruses
of this subtype circulating in poultry in various parts of the world have the potential to infect people. © 2000 Academic PressIntroduction. Human infections by H9N2 influenza vi-
ruses alerted the community to the pandemic potential of
these viruses (8, 11, 14). Two viruses isolated from chil-
dren in Hong Kong were closely related in their antigenic
and genetic characteristics to a quail H9N2 virus, iso-
lated during the H5N1 outbreak in Hong Kong in Decem-
ber 1997, which is representative of one of three sublin-
eages of H9N2 viruses circulating in poultry in southern
China and Hong Kong at that time (6, 11). Of key signif-
icance was the observation that the human H9N2 and
H5N1 isolates possessed a similar complement of six
“internal” genes (with the exception of those encoding
the surface glycoproteins) and raised the possibility that
this gene complement may facilitate avian-to-human
transmission of these viruses.
H9N2 viruses have also recently (during 1994 to 1999)
been responsible for outbreaks of disease in poultry in
other parts of the world, including European countries
(Germany, Italy, and Ireland), Middle Eastern countries
(Iran, Pakistan, and Saudi Arabia), South Africa, and the
United States (1, 2). Comparisons of haemagglutinin (HA)
genes have shown that these H9N2 viruses fall into three
principal phylogenetic lineages, one containing viruses
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36primarily from North America, but including a few Euro-
pean isolates, a second comprising viruses from Europe
and eastern Asia plus one from South Africa, and a third
lineage of predominantly Asian viruses including viruses
from Middle Eastern countries, plus one isolate from
Germany (3, 6). Of particular interest is the relationship of
these viruses to those that caused human infection in
Hong Kong. Might some of these viruses also pose a
threat to human health?
Preliminary comparisons of partial HA gene se-
quences indicated that some H9N2 viruses, recently
isolated in Middle Eastern countries and Germany, were
indeed closely related in their HAs to the human H9N2
isolates. We report here a detailed genetic analysis of
one of the more closely related strains, A/chicken/Paki-
stan/2/99 (Ck/Pk/2/99), which shows that it is closely
related in all eight genes to the H9N2 viruses that
caused human infections, raising the possibility that vi-
ruses in poultry in Pakistan may also have a propensity
to transmit to the human population.
Results and Discussion. Ck/Pakistan/2/99 (H9N2) was
isolated from an infected chicken during an outbreak of
disease on a farm in Pakistan and was selected as
typical of the viruses isolated during the epidemic in
Pakistan in 1999 (13). Experimental infection of chickens
showed that, like other H9N2 viruses recently isolated
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37RAPID COMMUNICATIONfrom poultry in southern China (7), it was of low patho-
genicity for chickens, and an intravenous pathogenicity
index test gave the lowest value of 0 (3).
Antigenic Relationships. Haemagglutination inhibition
(HI) tests using hyperimmune rabbit antisera as well as
postinfection chicken and ferret antisera readily distin-
guished the HA of Ck/Pk/2/99 from those of a number of
recently isolated reference H9N2 viruses, including the
human A/HK/1073/99, quail Qa/HK/G1/97, chicken Ck/
HK/G9/97, and swine Sw/HK/9/98 viruses (Table 1). An-
tisera that readily distinguished two groups of viruses
among Hong Kong isolates, the quail G1 and human
viruses from the chicken G9 and swine viruses, gave an
intermediate pattern of reactivity with the Pakistan iso-
late. A ferret antiserum to Ck/Pk/2/99 also distinguished
it from the other isolates tested (Table 1).
Neuraminidase inhibition tests, including hyperim-
mune rabbit antisera to A/Singapore/1/57 (H2N2) and
A/Aichi/2/68 (H3N2), showed that the neuraminidase
(NA) of Ck/Pk/2/99 was antigenically distinct from the
N2s of these two human viruses and closely related to
the NAs of the avian and swine N9N2 viruses, Qa/HK/
G1/97, Ck/HK/G9/97, and Sw/HK/9/98 (data not shown).
Genetic Relationships. Figure 1 shows the phyloge-
netic relationships between the HA genes of recently
isolated H9N2 viruses, based on sequences (381 nucle-
otides) encoding amino acids 205–331 of HA. The HA
genes of the viruses isolated in Germany, Iran, Pakistan,
and Saudi Arabia during 1998 and 1999 were closely
related to the HA genes of the human and quail G1 H9N2
viruses isolated in Hong Kong (96–98% homology) and
more distantly related to the HA genes of chicken and
duck viruses such as Ck/HK/G9/97 (92% homology) and
Dk/HK/Y439/97 (85% homology), which are representa-
tive of two other lineages of H9N2 viruses that have
circulated in China and Korea since 1994. On the basis of
T
Antigenic Relationships between
Viruses
H
Hyperimmune rabbit sera Postinfec
Ty/Wis/
1/66
Ck/HK/
G9/97
Sw/HK/
9/98
Ty/Wis/
1/66
Ty/Wisconsin/1/66 1280 , , 2560
A/Hong Kong/1073/99 320 , 80 640
a/Hong Kong/G1/97 160 , 160 320
k/Pakistan/2/99 80 40 640 80
k/Hong Kong/G9/97 1280 640 10,240 80
Sw/Hong Kong/9/98 640 320 10,240 160
a Homologous titres in boldface; , indicates #40.these data, Ck/Pk/2/99 was selected for more detailed
genetic comparison with other H9N2 viruses.
s
HPhylogenetic comparisons of nucleotide sequences
encoding HA1 and HA2 confirmed the close relationship
(96.6–96.9% homology) between the HA of Ck/Pk/2/99
and the HAs of the human and quail G1 Hong Kong
isolates (Fig. 2A). The extent of the differences in HA1
sequence between Ck/Pk/2/99 and the three Hong Kong
H9N2 isolates and the relatively high proportion of nu-
cleotide differences causing amino acid changes of 53–
59% are comparable to the variation observed among
H5N2 viruses isolated during the emergence of highly
pathogenic influenza in poultry in Mexico during 1993–
1995 (18). Although indicative of adaptation in a new host
(the chicken), these data are not inconsistent with geo-
graphical spread of related viruses. Only 1 of the 19
nucleotide differences between the sequences encoding
HA2 of Ck/Pk/2/99 and A/HK/1073/99 altered the amino
acid sequence. Approximately half of the 16 amino acids
that distinguished the quail G1 and 2 human viruses from
other H9N2 viruses (for which there are sequence data)
were common to Ck/Pk/2/99, including 1 (threonine 89)
of the 2 differences that give rise to additional potential
glycosylation sites (Table 3). Some of these differences,
including the potential difference in glycosylation, are
likely to contribute to the variation in antigenicity ob-
served among these viruses (Table 1).
Of particular interest as regards host range and patho-
genicity of influenza A viruses are the receptor binding
properties of the HA and the susceptibility of the precur-
sor HA0 to proteolytic activation, respectively. Concern-
ing the latter, the amino acid sequences at the site of
cleavage to HA1 and HA2, PARSSR2G, of Ck/Pk/2/99
nd other closely related isolates from Pakistan, Iran,
audi Arabia, and Germany were identical to those of the
uman and quail G1 and Dk/HK/Y280/97-like viruses, in
ontrast to variation among the equivalent sequences of
he HAs of other H9N2 viruses (3). The absence of a
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38 RAPID COMMUNICATIONconsistent with the low pathogenicity for poultry of these
H9 viruses (3).
Amino acid differences in the receptor binding sites of
HAs have been shown to be associated with differences
in receptor binding specificity (5, 17). Whereas the HAs of
avian viruses exhibit a preference for binding to sialic
acid attached to the penultimate galactose of the recep-
FIG. 1. Phylogenetic relationships between the HA genes of recent
9N2 viruses. Nucleotides 613 to 993 of the coding sequences were
nalysed with PAUP using a maximum-parsimony algorithm. The
engths of the horizontal lines are proportional to the number of nucle-
tide differences (as indicated). Sequences of A/chicken/Germany/
45/98 (Ck/De/45/98), A/chicken/Iran/16/98 (Ck/Iran/16/98), A/chicken/
iddle East/99 (Ck/ME/99), A/chicken/Pakistan/4/99 (Ck/Pk/4/99),
/chicken/Saudi Arabia/224/98 (Ck/SA/224/98), A/duck/India/31g/86
Dk/In/31/86), A/Pekin duck/Malaysia/F20/1/98 (Dk/My/1/98), and A/Pe-
in duck/Singapore/F91-5/9/97 (Dk/Sing/9/97) were derived as de-
cribed in Banks et al. (3). Sequences obtained from GenBank include
hose of A/chicken/Beijing/1/94 (Ck/Beij/1/94), A/chicken/Hong Kong/
9/97 (Ck/HK/G9/97), A/chicken/Korea/96323/96 (Ck/Kor/3/96), A/duck/
ong Kong/Y280/97 (Dk/HK/Y280/97), A/duck/Hong Kong/Y439/97 (Dk/
K/Y439/97), and A/quail/Hong Kong/G1/97 (Qa/HK/G1/97).tor by a a2,3-glycosidic bond (SAa2,3Gal), the HAs of
uman viruses prefer SAa2,6Gal receptors (4, 15). Ahange at position 226 from leucine, typical of the HAs of
arly human H3N2 viruses, to glutamine, typical of the
As of many avian viruses, caused a switch in specific-
ties (15). It was noted that among the conserved amino
cids that comprise the receptor binding site there is
ignificant variation in residues 183, 190, and 226 (num-
ered according to H3) of the HAs of H9N2 viruses and
hat the two human isolates have the same three amino
cids, histidine 183, glutamic acid 190, and leucine 226,
s Qa/HK/G1/97 and early human H3N2 viruses (11).
istidine 183, alanine 190, and glutamine 226 in the HA
FIG. 2. Phylogenetic relationships between the genes of Ck/Pk/2/99
and those of closely related H9N2 or H5N1 viruses. The nucleotide
(coding) sequences compared are of HA (A, 10-1543), NA (B, 1-1393), PA
(C, 1-2131), and NP (D, 1-1456). The lengths of the horizontal lines are
proportional to the number of nucleotide differences (as indicated).
With the exception of those for Ck/Pk/2/99, A/HK/1073/99, A/HK/1074/
99, A/HK/156/97 (H5N1), A/HK/481/97 (H5N1), A/HK/483/97 (H5N1),
A/HK/532/97 (H5N1), and A/Sydney/5/97, (A/Syd/5/97, H3N2), se-
quences were obtained from GenBank. Abbreviations (not explained
elsewhere) include A/Bk/1/79 (A/Bangkok/1/79, H3N2), Ck/HK/
739/94 (A/chicken/Hong Kong/739/94, H9N2), Ck/HK/220/97 (A/
chicken/Hong Kong/220/97, H5N1), Ck/Kor/6/96 (A/chicken/Korea/
96006/96, H9N2), Pg/HK/Y233/97 (A/pigeon/Hong Kong/Y233/97,
H9N2), Qa/HK/AF157/92 (A/quail/Hong Kong/AF157/92, H9N2), and
Ty/Ca/189/66 (A/turkey/California/189/66, H9N2).
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39RAPID COMMUNICATIONof Ck/Pk/2/99 are the same as in the HA of an earlier
Hong Kong isolate, Ck/HK/739/94, and reflect the vari-
ability among H9N2 viruses. It is not known whether or
not this feature might affect avian-to-human transmissi-
bility. H5N1 viruses that caused fatal human infections
have histidine, glutamic acid, and glutamine, respec-
tively, at these positions in their HAs and retain a pref-
erence for SAa2,3Gal receptors (12); thus this property in
tself does not prevent human infection. Furthermore, the
resence of glutamine 226 in the HAs of a proportion of
/Beijing/32/92-like human viruses indicates that this
mino acid per se may not be restrictive for replication in
he human respiratory tract. Although for these viruses
here was a correlation between leucine or glutamine at
26 and isolation of viruses on Madin Darby canine
T
Genetic Relationships between Ck/P
Gene
Percen
A/HK/97 (H5N1)a A/HK/1073/99
PB2 98 98
PB1 98 98
PA 99 98
H9 — 97
NP 98 99
N2 — 97
M 97 99
NS 98 98
a Nucleotide sequences used in these comparisons were PB2 and
TABLE 3
Amino Acids Characteristic of the Proteins of the H9N2 Viruses
/HK/1073/99, A/HK/1074/99, Qa/HK/G1/99, and Ck/Pakistan/2/99,
nd Human H5N1a Viruses
Protein Amino acid residuesb
PB1 L102, T213, K215, H253, A257, V302, I317, V637, T694,
M715, G754, G757, K758
PB2 M147, R190, K194, N195, N197, K299, M524, E567, A655,
T661, I667, T717
PA T20, A85, T118, K237, R318, M367, L400, E547, R615, S651,
G688
HA1c H7(17), T89(96), V169(179), L199(209), G253(262),
S281(290), T295(304), R301(310)
HA2c V91(91)
NP Q52, V371, A374, K430
NA L10, T43, S77, S153, T212, V307, G346
M1 A157
M2 L10
NS1 E92, T202, S212
NS2 N60
a Not included in comparisons of HA and NA proteins.
b m
t
Amino acids in single-letter code.
c Numbering according to H3 in parentheses.idney (MDCK) cells or in eggs, respectively, viruses in
linical specimens were shown to possess either amino
cid (K. Cameron, D. Sparrow, M. Aymard, and A. Hay,
npublished results).
The neuraminidase genes of recent H9N2 viruses iso-
ated in China and Korea show relationships that reflect
hose of the HA genes (6). The NA gene of Ck/Pk/2/99
as closely related (97% homology) to the NA genes of
he human and quail G1 Hong Kong isolates and more
istantly related (88–95% homology) to the NA genes of
ther H9N2 viruses (Table 2, Fig. 2B). Homology with the
ucleotide sequences of N2 genes of other subtypes,
ncluding H2N2 (A/Leningrad/134/47/57) and H3N2 (A/
ydney/5/97) viruses, ranged from 86 to 83%. A feature
eculiar to the NAs of the human and quail G1 Hong
ong isolates was a deletion of two amino acids, resi-
ues 38 and 39, in the stalk of the molecule—this dele-
ion was absent in the NA of Ck/Pk/2/99. The NAs of the
uman and quail G1 viruses were more closely related to
ach other than to the NA of Ck/Pk/2/99. However, the
As of these viruses shared seven amino acids that
istinguish them from the N2s of other H9N2 viruses
Table 3), and they possessed a similar pattern of glyco-
ylation sites.
The nucleotide sequences of the other six genes of
k/Pk/2/99 also showed close homology to the corre-
ponding genes of the human and quail G1 H9N2 vi-
uses, as indicated in Table 2. The similarity between the
enes of these H9N2 viruses and the H5N1 viruses
irculating in chickens in Hong Kong in 1997 and those
hat caused human infections is reflected in the homol-
gies between the genes of Ck/Pk/2/99 and the internal
enes of those H5N1 viruses (97–99% homology). In fact
he PA gene of Ck/Pk/2/99 is more closely related to the
A genes of H5N1 viruses, such as A/HK/156/97 and
k/HK/220/97 (98.7% homology), than to the PA genes of
he human and quail G1 H9N2 isolates (97.7–98.1% ho-
/2/99 and H9N2 and H5N1 Viruses
omology with Ck/Pk/2/99
a/HK/G1/97 Dk/HK/Y280/97 Dk/HK/Y439/97
97 85 87
98 90 90
98 90 90
97 91 85
99 90 95
97 94 89
98 96 92
98 93 90
HK/485/97; PB1, PA, and NS of A/HK/156/97; and NP of A/HK/481/97.ABLE 2
akistan
tage h
Qology) (Fig. 2C). The phylogenetic relationships be-
ween the NP genes shown in Fig. 2D also emphasize
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viruses.
Features of the proteins of the human H9N2 viruses
that distinguished them from the proteins of other H9N2
viruses such as the length of NS1 (230 amino acids) and
an extra penultimate glycine 757 in PB1 (11) were also
characteristic of the Ck/Pk/2/99 proteins. In addition, the
proteins, PB1, PB2, PA, NP, M1, M2, NS1, and NS2 of this
virus possessed most of the amino acid residues that
were characteristic of the human and quail G1 H9N2
viruses and the human and chicken H5N1 viruses iso-
lated in Hong Kong (Table 3).
Thus, Ck/Pk/2/99 is closely related in all genes to the
H9N2 viruses that caused human infections in Hong
Kong. All genes belong to the same Qa/HK/G1/97 lin-
eage and were evidently not the result of genetic reas-
sortment between viruses belonging to different lin-
eages, as in the case of, for example, Ck/HK/G9/97,
which possesses six genes of the Dk/HK/Y280/97 lin-
eage and two genes, PB1 and PB2, of the Qa/HK/G1/97
lineage (6). Thus Qa/HK/G1/97-like viruses, previously
identified only among viruses isolated in Hong Kong,
have been more widely distributed in Asia. Whether this
is due directly to movement of infected poultry or to some
other means of transmission is not known.
Although, on the basis of HA sequence homology,
Ck/Pk/2/99 appeared to be representative of H9N2 vi-
ruses isolated during the past 2–3 years from chickens in
Germany, Iran, and Saudi Arabia as well as Pakistan (3),
preliminary analyses (Y. Lin, K. Cameron, V. Gregory, and
J. Banks, unpublished results) have indicated heteroge-
neity among some of the other genes, comparable to that
observed among H9N2 viruses circulating in China and
Korea (6). On the one hand, Ck/Pk/2/99 appears to be
typical of isolates from different flocks in Pakistan. On the
other hand, whereas the M genes, like the HA genes, are
similar among viruses isolated in the four different coun-
tries, several of the internal genes of the German (Ck/
De/45/98) and Saudi Arabian (Ck/SA/224/98) isolates are
more closely related to those of Dk/HK/Y439/97 or Ck/
Kor/6/96, representative of other genetic lineages of
H9N2 viruses (6; see Fig. 2). These viruses thus repre-
sent reassortants of previously characterized H9N2 vi-
ruses, emphasizing the tendency for genetic exchange
among H9N2 viruses and the extent to which genetic
reassortment has contributed to the genetic diversity of
H9N2 viruses causing disease in domestic poultry.
A feature of the complement of internal genes com-
prising the Qa/HK/G1/97 lineage is that they are present
in other subtypes circulating in domestic poultry in
China, the most notable being the H5N1 bird flu viruses,
but also H6N1 viruses (9). Genes closely related to those
of other H9N2 lineages, e.g., that represented by Dk/HK/
Y439/97, were also observed in various subtypes (e.g.,
H3N8, H11N8, and H11N9) isolated from ducks in Hong
Kong. There is currently little information on the extent to
B
Awhich “H9N2” genes are included in the genomes of
other subtypes circulating elsewhere in the world.
Since the factors that are important for H9N2 viruses
(or H5N1 viruses) to transmit from avian to human hosts
have not been determined and since no H9N2 human
infections have been documented in countries other than
China, we cannot conclude at this stage that viruses
circulating in poultry in Middle Eastern countries, in
particular Pakistan, pose a public health threat similar to
those circulating in southern China. In the absence of
overt disease due to H9N2 viruses it will be important to
obtain serological evidence for or against human infec-
tion by these or related viruses.
Materials and Methods. Viruses. A/chicken/Pakistan/
2/99 (Ck/Pk/2/99) was isolated in fertile hens’ eggs and
selected as a representative of the H9N2 viruses iso-
lated during an epidemic in Pakistan in 1999 (13).
A/quail/Hong Kong/G1/97 (Qa/HK/G1/97), A/chicken/
Hong Kong/G9/97 (Ck/HK/G9/97), A/swine/Hong Kong/
9/98 (Sw/HK/9/98) and A/turkey/Wisconsin/1/66 (Ty/Wis/
1/66) were obtained as described in Lin et al. (11). Vi-
ruses were grown by inoculation into the allantoic cavity
of 10-day-old fertile hens’ eggs, as described in Kendal et
al. (10). A/Hong Kong/1073/99 (A/HK/1073/99) was pas-
saged in MDCK cells in the presence of 2.5 mg/ml trypsin
TPCK-treated).
Antisera. Hyperimmune rabbit antisera, postinfection
hicken sera and postinfection ferret sera were prepared
s described in Kendal et al. (10). Rabbit and ferret
ntisera against Ck/HK/G9/97 were obtained from Dr. N.
ox (Centers for Disease Control and Prevention, At-
anta, GA); chicken antisera against Ty/Wis/1/66, Qa/HK/
1/97 and Ck/HK/G9/97 were obtained from Dr. R. Web-
ter (St. Jude Children’s Research Hospital, Memphis,
N); the ferret antiserum against A/HK/1073/99 was ob-
ained from Dr. J. Wood (National Institute for Biological
tandards, South Mimms, UK).
Antigenic analyses. HI and NI assays were performed
s described in Kendal et al. (10).
Nucleotide Sequence Analyses. Virion RNA was pre-
ared and RT-PCR and DNA sequencing were performed
s described in Lin et al. (11) using gene-specific primers
sequences available on request). Sequence data were
dited and analysed using the Wisconsin Sequence
nalysis Package Version 8 (GCG). Phylogenetic analy-
es used PAUP (Phylogenetic Analysis Using Parsimony,
ersion 4.0, Swafford, Illinois Natural History Survey,
hampaign, IL). Nucleotide sequences of the eight RNA
egments of Ck/PK/2/99 and of RNA segments of H5N1
iruses used in this study were deposited with the Gen-
ank Data Library under Accession Nos. AJ291392–
J291403.
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